other polyglutaminopathies, however, SCA7 patients suffer from cone-rod dystrophy, which presents initially as loss of color discrimination in tritan axis (blue-yellow) followed by progressive pigmentary macular degeneration and loss of visual acuity, eventually leading to blind- Both models showed degeneration of cell types that type 7 (SCA7). These mice reproduced features of inoverexpress the transgene, and the authors also refantile SCA7 (ataxia, visual impairments, and premaported that mutant ataxin-7 is truncated to form an ture death) and showed impaired short-term synaptic amino-terminal fragment (Yvert et al., 2000) . More repotentiation; downregulation of photoreceptor-specently, the same group produced another two lines of cific genes, despite apparently normal CRX activity, mice expressing 10 or 128 CAG repeats in neurons using led to shortening of photoreceptor outer segments.
mally necessary for neurons to develop dysfunction. We generated two independent lines of Sca7 266Q/5Q mice mice and show that these mice did indeed reproduce the (lines C1 and H10). Both lines were indistinguishable salient features of infantile SCA7. These mice allowed us from wild-type littermates by visual observation until 5 to probe important aspects of SCA7 pathogenesis such weeks of age, at which time they started to develop as selective neuronal vulnerability and the functional features of infantile SCA7 patients, such as progressive consequences of the mutant protein on the retina, cereweight loss, droopy eyelids (ptosis), ataxia, muscle bellum, and hippocampus without the confounding wasting, curvature of the spine (kyphosis), and tremors effects of overexpression. Lastly, certain intriguing dif- (Table 1 ; Figure 1D ). CAG repeat size in these two lines ferences between the knockin mice and previous transof Sca7 266Q/5Q mice was relatively stable, occasionally genic models shed light on the strengths and limitations showing less than ten CAG repeat (30 nucleotides) conof each.
traction, which did not change the progression or severity of the disease. Sca7 266Q/5Q mice showed a similar Results weight gain pattern as wild-type mice up to 5 weeks but gained little if any weight afterward ( Figure 1E ). At Generation of Sca7 266Q/5Q Mice the terminal stage of the disease, animals became exMouse Sca7 is highly homologous to human SCA7, with tremely hypokinetic and did not drink nor eat, even when the peptide sequence showing 88.7% identity (Strö m et their chow was wetted and placed at the bottom of the al., 2002). Whereas the CAG repeat tract in human SCA7 cage. Sca7 266Q/5Q mice died around 14-19 weeks of age. is polymorphic (ten repeats are the most common), Male Sca7 266Q/5Q mice had reduced fertility after 13 mouse Sca7 has only five CAG repeats in the correweeks of age. Female Sca7 266Q/5Q mice, on the other hand, sponding region. We introduced 266 CAG repeats into failed to deliver pups when they were mated after 8 the mouse Sca7 locus using homologous recombination weeks of age. Some Sca7 266Q/5Q mice developed myoin embryonic stem (ES) cells ( Figure 1A and see Expericlonic seizures around 12 weeks of age. Homozygous mental Procedures). Germline transmission of a targeted mice (Sca7 266Q/266Q mice) showed a gene dosage effect, allele was confirmed by Southern analysis ( Figure 1B) with their phenotype being more severe and disease and PCR amplification of CAG repeats (data not shown).
progression more rapid, resulting in death around 7-8 Both mouse and human ataxin-7 have a nuclear localweeks of age. The enhanced toxicity in the homozygous ization signal (NLS) (David et al., 1997; Strö m et al., mice is most likely due to higher levels of expanded 2002). In order to determine the subcellular localization ataxin-7 (gain-of-function) rather than partial deficiency of ataxin-7 in mouse cerebellum, we isolated the nuclear of wild-type ataxin-7's function: mice compound heteroand cytoplasmic fractions and analyzed them by Westzygotes for expanded and a loss-of-function Sca7 alern blotting ( Figure 1C Figure 2V ). The cone response continued to decrease cone-driven b-waves (Table 2; Figure 2) The scotopic (dark-adapted) b-wave is an extracelluat 9 weeks, and by 14 weeks, it was undetectable (Figures 2P, 2T, and 2X) . The trend toward a decline at 5 lar field potential that arises primarily from ON-rod bipolar cells in response to dim flashes of light (Pugh et weeks and the significant decline at 9 weeks of cone ERGs suggests that cone dysfunction occurs prior to al., 1998). The relationship between scotopic b-wave amplitude and intensity can be modeled using a hyperrod dysfunction in Sca7 266Q/5Q mice. The abnormal ERG results prompted us to look at bolic saturation function (see Experimental Procedures). This model yields two parameters, b max,scot and I 0.5 , reprethe expression levels of several photoreceptor-specific genes in the eyes of Sca7 266Q/5Q mice ( Figure 3A) . We senting the maximum b-wave amplitude and the intensity that provides half saturation, respectively. 266Q/5Q mice demonstrated both a decline in b max,scot and an increase in I 0.5
Gcp (M opsin) are cone-specific markers, whereas Rho and Gnat1 are rod-specific markers. Rhok is present in (Table 2) . At 9 weeks, rod-driven function had decreased to 65% compared to wild-type. By 14 weeks, b max,scot had both cones and rods (Lyubarsky et al., 2000) . Expression of all these genes showed a progressive decrease with decreased to 25% of wild-type (Figures 2A-2D) . It was not possible to study the mutant mice beyond 15 weeks age. Cone-specific markers showed about 60% reduction in a presymptomatic 4-week-old mutant ( Figure 3A ). because of their frailty. Our data suggest that the rod system of Sca7 266Q/5Q mice develops properly and is caThe youngest mice that were tested on ERGs were 5 weeks old when they began to show some decrease in pable of normal phototransduction. The decrease in the scotopic b-wave may have resulted from a defect in cone activity (Table 2 ; Figure 2 ). It is interesting to note that the cone photoreceptors remained functional even the rod bipolar cells, from decreased input of the rod photoreceptors, or both.
with more than 60% decrease of both cone-specific photopigments. Rod-specific markers were downreguTo examine rod photoreceptor function, we analyzed the ERG a-wave, which arises almost exclusively from lated later than cone-specific markers. This may explain why cone dysfunction appeared earlier than rod dysthe rod photoreceptors in mouse ). An intense flash was used to measure the saturated a-wave function in ERG studies. Hematoxylin and eosin staining of Sca7 266Q/5Q retinas amplitude, a max ( Figures 2E-2H ). At 5 weeks of age, there was no significant difference between the wild-type and revealed progressive shortening of outer segments and thinning of inner plexiform layer (IPL) ( Figure 3B ). AlSca7 266Q/5Q mice. Sca7 266Q/5Q mice showed a steady decline in saturated a-wave amplitude with age: at 9 weeks, though endogenous levels of ataxin-7 were very low in wild-type retina, mutant ataxin-7 accumulated in a max had declined to 60%, and by 14 weeks, a max was decreased to 30% of normal. To analyze the amplificaSca7 266Q/5Q retina, forming microaggregates around 8 weeks of age (Table 3) Figures 2I-2L ). There was no statistically signifiaccumulation was observed throughout the retina, but it occurred more rapidly in outer nuclear layer (ONL) cant difference in the amplification parameter kA between wild-type and Sca7 266Q/5Q mice at any of the ages (specifically the top layer of ONL) and inner nuclear layer (INL) than in ganglion cell layer (GCL) (Figures 3C and tested (Table 2 ). The amplitude of the a-wave is directly proportional to the number of cyclic nucleotide-gated 4A). In mature mouse retina, the nuclei of cones are aligned directly beneath the inner segments, i.e., in the channels that close in response to light . Thus, the decrease of the a-wave in Sca7 (Table 3) . NIs throughout the brain became CREB binding protein (CBP) positive around 18 weeks (Table 3) .
Wild-type ataxin-7 was detected only in nuclear extracts, but not cytoplasmic extracts of wild-type and Sca7 266Q/5Q cerebella ( Figure 1D ). We failed to detect any SDS-soluble mutant ataxin-7 or any evidence of truncated mutant ataxin-7 using N-terminal (1261) and C-terminal (1597) antibodies in the separating gel ( Figure 1C and data not shown). Mutant ataxin-7 was detected only in the stacking gel, suggesting that this protein exists as an insoluble multimer or in complexes with other proteins. Another possibility is that the conformation of soluble mutant ataxin-7 differs from that of insoluble mutant ataxin-7, and the epitope of soluble mutant ataxin-7 is masked. We reasoned that because the mutant protein accumulated with age, we might be able to detect the soluble form in younger animals. Cerebellar nuclear extracts were prepared from 2-, 5-, 7-, 10-, 12-, and 15-week-old Sca7 266Q/5Q mice, and Western blotting was performed using the 1261 antibody. Expression levels of wild-type ataxin-7 were very low in both wild-type and Sca7 266Q/5Q mice, and mutant ataxin-7 immunoreactivity in the stacking part of the gel increased with age. Surprisingly, we were unable to detect the soluble mutant ataxin-7 even in 2-weekold mice when very faint immunoreactivity was found in the stacking gel. This suggests that there is little accumulation of mutant ataxin-7 at this age. These data indicate that even in 2-week-old Sca7 266Q/5Q cerebellum, soluble mutant ataxin-7 might exist in a conformation that is not easily detectable with 1261 antibody or that it is still efficiently turned over. By 5 weeks, however, mutant ataxin-7 begins to accumulate, becoming part of insoluble complexes.
Selective Impairment of PTP We investigated hippocampal function in Sca7
266Q/5Q mice, since the hippocampus is another area in which mutant ataxin-7 rapidly accumulated in neurons (Table 3; Figure 8A ). Occasional punctate nuclear immunostaining of ataxin-7 was observed in hippocampal CA1 pyramidal neurons around 12 weeks, and by 15 weeks, NIs became larger and dotted the entire hippocampus ( Figure 8A and data not shown). We investigated whether synaptic physiology was altered at the time of Sca7 266Q/5Q mice and littermate controls and characterized synaptic transmission and short-and long-term mutant ataxin-7 accumulation in hippocampal area CA1. We prepared hippocampal slices from 12-week-old plasticity using extracellular field recordings in stratum SCA7 not only shows an extremely rapid progression than that of adult-onset disease. In addition to ataxia, muscle wasting, kyphosis, ptosis, cone-rod dystrophy, (children develop symptoms shortly after birth and die within 1-2 years), but the phenotype is much broader and tremors, these infants can suffer from severe hypo- , 2001 ), the patholdevelopment, but with increasing age beyond 5 weeks, ogy of the transgenics is markedly worse: their ONL they manifest ptosis and visual impairment. Our ERG becomes disorganized as they age, forming a "wavy" data showed that cone dysfunction preceded rod dyspattern. The transgenics also show significant photorefunction in these mutants, and M cones were affected ceptor loss. In contrast, Sca7 266Q/5Q mice did not show before S cones (Figure 2) . Northern analyses paralleled much cell loss in the ONL ( Figure 3B) ; apoptosis began the ERG data in that the cone-specific markers were around 10 weeks of age ( Figure 4D ), but these mutants downregulated before the rod-specific markers, and retained more than 80% of the photoreceptors until the Gcp downregulation occurred faster than Bcp ( Figure 3A) .
terminal stage of the disease. Loss of outer segments Like infantile SCA7 patients, Sca7
266Q/5Q mice showed will eventually lead to the death of photoreceptors, but progressive shortening of the outer segments ( Gnat1 are controlled by CRX (Furukawa et al., 1999) , at 4 weeks of age, which improve at 8 weeks and are normal by 6 months of age (Furukawa et al., 1999). and we knew that these genes were all progressively downregulated in Sca7 266Q/5Q mice-but Rhok, a gene Sca7 266Q/5Q mice, on the other hand, had normal rod ERGs at 5 weeks, did not show any improvement of the retinal that is not altered in Crx Ϫ/Ϫ mice, was also downregulated in Sca7 266Q/5Q mice ( Figure 3A) . This led us to confunction with age, but rather a deterioration over time ( 1C, 7A, 7C, and 8A) . Wild-type ataxin-7 may be rapidly turned over in vivo.
presence of an expanded polyglutamine tract. Rather, the expanded polyglutamine tract in the context of Mutant ataxin-7, on the other hand, progressively accumulated in various neurons in Sca7 266Q/5Q brain and retina ataxin-7 triggers this selective effect on short-term synaptic plasticity, which could result either from a toxic ( Figures 3C, 4A, 7A, 7C, and 8A) . The level of wild-type ataxin-7 may need to be maintained at low levels in gain-of-function of the mutant protein or from enhancement of the endogenous function of ataxin-7 due to its order to tightly control its activity in these cells. veil the mechanism of PTP alterations and their physiological significance.
Experimental Procedures where a(t) is the a-wave, a max is its saturating amplitude, φ is the number of photoisomerizations rod produced by the flash, A is Generating Sca7 266Q/5Q Mice amplification factor, and t eff is a brief delay. Because pathological The 129/SvEv mouse genomic DNA library was screened using studies indicated that the outer segments were shorter in Sca7 bp HindIII/PstI fragment). Probes were labeled using Megaprime kit tocysts to generate chimeras, which were crossed to C57BL/6J (Amersham) and hybridized in ExpressHyb hybridization solution females to obtain Sca7 266Q/5Q mice. Germline transmission of a tar-(Clontech) according to manufacture's instructions. We measured geted allele was confirmed using both tail DNA Southern analyses the intensity of each band by densitometry. and PCR amplification of CAG repeats. PCR conditions were same as above, and hSCA7.forward and mSca7.hybrid.reverse (5Ј-CCACCC Counting of the Number of Nuclei in the Vertical Length of ONL ACAGATTCCACGAC-3Ј) were used as primers.
Eyes of three mice were used for each genotype (five sections from the center/mouse). Sections were cut in 5 m thickness. Pictures Western Blot were taken at 20ϫ magnification using a Zeiss Axioplan 2 fluoresNuclear and cytoplasmic extracts of mouse cerebellum were obcence microscope and Axiocam camera following Hematoxylin and tained using NE-PER Nuclear And Cytoplasmic Extraction Reagents eosin staining. The number of vertical nuclei in ONL was counted (Pierce). 100 g of protein was loaded on 6% SDS gel. Dilution every 25 m on these pictures (five to six counts were performed/ factor for 1261 was 1:1000. For expression analyses of CRX, retinal picture). Mean, SEM, and t test (two sample assuming unequal variprotein extracts were prepared by homogenizing mouse retinas in ance) were determined in Microsoft Excel. buffer containing 100 mM Tris (pH 6.8), 25 mM DTT, 2% SDS, and 2ϫ complete protease inhibitor cocktail (Roche). 20 g of extracts TUNEL Staining were loaded on 10% SDS gel. Dilution factor for CRX antibody was Eyes were fixed in 4% PFA/PBS for overnight at room temperature 1:500. and cryoprotected by infiltrating from 15% sucrose/PBS to 30% sucrose/OCT (Tissue-Tek). They were subsequently embedded in OCT and cut as 10 m sections onto Superfrost/Plus slides (Fisher Electroretinograms (ERGs) Scientific). TUNEL assays were performed using In situ cell death Flashes for scotopic measurements were generated by a Grass PSdetection kit, AP following manufacture's protocol (Roche). Images 33ϩ photostimulator. Light was spectrally filtered with a 500 nm were acquired by a Zeiss Axioplan 2 fluorescence microscope and interference filter (Edmund Scientific). A series of metal plates with Axiocam camera. holes of varying diameters and glass neutral density filters were used to attenuate the flash. As the intensity of the flash increased, the number of trials was decreased and the time between each flash Immunohistochemistry and Immunofluorescence Immunohistochemical and immunofluorescent stainings were perwas increased. To remove oscillatory potentials prior to fitting, the scotopic b-wave was digitally filtered using the filtfilt function in formed as previously described (Skinner et al., 1997; Cummings et
